Abstract. Aquaporins facilitate water transport across biomembranes in a manner dependent on osmotic pressure and water-potential gradient. The discovery of aquaporins has facilitated research on intracellular and whole-plant water transport at the molecular level. Aquaporins belong to a ubiquitous family of membrane intrinsic proteins (MIP). Plants have four subfamilies: plasma-membrane intrinsic protein (PIP), tonoplast intrinsic protein (TIP), nodulin 26-like intrinsic protein (NIP), and small basic intrinsic protein (SIP). Recent research has revealed a diversity of plant aquaporins, especially their physiological functions and intracellular localisation. A few PIP members have been reported to be involved in carbon dioxide permeability of cells. Newly identified transport substrates for NIP members of rice and Arabidopsis thaliana have been demonstrated to transport silicon and boron, respectively. Ammonia, glycerol, and hydrogen peroxide have been identified as substrates for plant aquaporins. The intracellular localisation of plant aquaporins is diverse; for example, SIP members are localised on the ER membrane. There has been much progress in the research on the functional regulation of water channel activity of PIP members including phosphorylation, formation of hetero-oligomer, and protonation of histidine residues under acidic condition. This review provides a broad overview of the range of potential aquaporins, which are now believed to participate in the transport of several small molecules in various membrane systems in model plants, crops, flowers and fruits.
Introduction

Historical background of aquaporin research
Aquaporins are membrane proteins, which facilitate membrane transport of water molecules and low molecular weight compounds. Much information on aquaporins has accumulated during the last few years, but nobody knew about 'aquaporins' 15 years ago. Schäffner (1998) described the age before aquaporins, as 'After all, the message that appeared in textbooks was that water simply diffused "somehow" across plant membranes and proteins were not involved in these processes'.
The first aquaporin (CHIP28, renamed AQP1) was discovered as a water channel from human erythrocyte membranes by Agre and his collaborators (Preston et al. 1992) .
Before this discovery: (1) some physiologists proposed a putative proteinous 'water channel' because they observed a higher water permeability in the biological membrane (which showed the partially reversible Hg 2+ -dependent inhibitory characteristics) than in the artificial lipid-bilayer; (2) biochemists recognised membrane proteins with unknown functions such as CHIP28 (human erythrocyte), NOD26 (soybean root nodule), PM28 (Arabidopsis thaliana L., hereafter Arabidopsis), TP25 (Phaseolus vulgaris L. cotyledon) and VM23 (Raphanus sativus L. taproot); and (3) molecular biologists identified the sequence homology between membrane intrinsic protein (MIP) in the lens cells of mammalian eyes (later termed AQP0) and glycerol transporter (GlpF) of Escherichia coli. After sequencing CHI28, Agre found that CHIP28 was homologous to MIP (AQP0). It was assumed that CHIP28 (later termed AQP1) was a transporter. Because erythrocytes showed high water permeability, Agre identified the water transport activity of AQP1. Integrating these findings and the above (1) to (3), Agre discovered the aquaporins. Agre was awarded the Nobel Prize for this finding in 2003. Because of this history, the aquaporin gene family is termed MIP gene family, and the specificity of multiple substrates (water, glycerol and others) was investigated since the very initial phase of the aquaporin study as previously reviewed (Santoni et al. 2000; Tyerman et al. 2002; Fischer 2006a, 2006b ). peroxide, are transported by plant aquaporins as described in the later part of this article. Other molecules, urea, arsenite, antimonite, and some organic acids like lactate, have also been suggested to be potential substrates, but the physiologically relevant transport of these molecules by aquaporins is in controversy.
Bacteria or small organisms have only a few (zero to 2) aquaporin genes, but many isomers of aquaporins exist in most animals and plants. In the human genome, 13 aquaporin genes have been detected. More than 30 aquaporin genes have been identified in Arabidopsis, rice (Oryza sativa L. cv. Nipponbare) and maize (Zea mays L.). Plant aquaporins are classified into four subgroups: plasma-membrane intrinsic protein (PIP), tonoplast intrinsic protein (TIP), Nodulin 26-like intrinsic protein (NIP), and small basic intrinsic protein (SIP). Most aquaporin proteins (except for few SIPs) have six membrane-spanning regions and two motifs of Asn-ProAla. Two asparagines in the motifs were essential to recognise and select water molecules. The fine molecular structure and conformational changes of molecules have been intensively investigated in relation to the functional regulation (gating) of plant aquaporins (Tournaire-Roux et al. 2003; Chaumont et al. 2005; Törnroth-Horsefield et al. 2006) . Not only increase of water permeability, but also the capability of functional regulation is one of the most significant physiological roles of aquaporins in cellular water transport, because diffusional (physical) water conductance across the membranes, if any, is mostly out of fine control in nature (Fig. 1) .
The diversity of the MIP gene family can provide various developmental, stress-responsible, tissue-specific, cellspecific, and subcellular-specific expression and localisation of aquaporins. In several plants, diurnal changes in water permeability (Lp) of the root and well synchronised-diurnal changes of aquaporin transcripts have been observed (Henzler et al. 1999; Harmer et al. 2000; Moshelion et al. 2002; Katsuhara et al. 2003a) . Aquaporin expression and root Lp were high in the morning, daytime, evening, or night depending on the plant species, the developmental stage and surroundings. A finetuning mechanism for such temporal and spatial expression must exist. However, the functional distribution and regulation of aquaporins in plants has not been fully clarified.
Several reviews are available on the individual families of plant aquaporins (Santoni et al. 2000; Tyerman et al. 2002; Chaumont et al. 2005; Hachez et al. 2006b; Fischer 2006a, 2006b ). Water flux in plant tissues and its regulation have also been quantitatively discussed in relation to phytophormones and solute concentrations (Gould et al. 2005; Höltta et al. 2006; Zhang et al. 2007) . The aim here is to give a general overview of the physiological roles, intracellular localisation, functional regulation, and unique physiological phenomena related to aquaporins.
PIPs: two groups and new functions
PIPs as plasma membrane water channels
Plasma-membrane intrinsic proteins (PIPs) are aquaporins, which are supposed to function in the plasma membrane. Among the many PIPs found in the plasma membrane, some aquaporins classified as PIPs from their sequence may be localised on the tonoplast (Barkla et al. 1999) . Recent studies have suggested the presence of some plant PIPs in cytoplasmic vesicles, which may be related to membrane vesicles trafficking and/or 'cycling' as well as human AQP2 (Noda and Sasaki 2006) . Membrane trafficking was first reported in TIP (Vera-Estrella et al. 2004) .
PIPs are considered to be the most responsible for transporting water into and out of cells and determine the characteristics of cellular water uptake/water loss for the following reasons: (1) plasma membrane defines the periphery of the cell and composes of two major membranes together with vacuolar membrane (tonoplast) in plant cells. These two major serial conducting parts are involved in the cellular hydraulic conductivity; (2) water conductance (Lp) of plasma membrane mainly depends on the functionality and quantity of PIPs, although the membrane lipid compositions and other membrane proteins also affect on the water permeability; (3) Lp of tonoplast is basically higher than Lp of plasma membrane because of abundance of TIPs; (4) Lp of the whole system in serial is principally the same as the Lp of the lower conducting part (i.e., plasma membrane). High Lp of tonoplast is believed to be indispensable for maintaining the intracellular water status (Tyerman et al. 2002) .
Cell walls, especially the primary cell wall without deposition of suberin and cutin, hardly prevent water movement. The plasma membrane faces the water in the cell wall. Therefore, the quantitative and functional regulation of PIPs is critical to determine the water flow across the membrane in response to changes in the external water status from moist to drought conditions. Physiological meaning of PIPs has been examined in transgenic plants. Tobacco (Nicotiana tabacum L.) plants expressing antisense NtAQP1 showed reduced root hydraulic conductivity and low water stress resistance (Siefritz et al. 2002) . Overexpression of HvPIP2;1 raised the root water permeability in transgenic rice plants (Katsuhara et al. 2003b) . Disruption of Arabidopsis PIP2;2, which is specifically expressed in roots, by T-DNA insertion markedly reduced the water permeability of root cells, although plant growth was not changed . In transgenic tobacco plants overexpressing AtPIP1;2, transpiration and growth were enhanced and the sensitivity to salt and drought stresses were high (Aharon et al. 2003) . These observations clearly demonstrate that PIPs determine transmembrane water permeability in planta and are tightly involved in growth and adaptation to water stress.
Molecular diversity of PIPs
The PIP family has many members; for example, there are 13 PIPs in Arabidopsis, 13 in maize, and 11 in rice (Chaumont et al. 2001; Johanson et al. 2001; Sakurai et al. 2005) . Expression analysis indicated that the amount of transcript in the control differed considerably among the PIP species. The stress response also varies with the aquaporin species (Suga et al. 2002 (Suga et al. , 2003 Jang et al. 2004; Sakurai et al. 2005; Hachez et al. 2006a) . Such diversity may reflect the difference in physiological roles and functions (substrate specificity, tolerance to certain stresses) of each PIP but the details remain to be determined.
According to the difference in deduced amino acid sequences, especially in N-and C-terminals, PIPs are sub-classified into two subgroups PIP1 and PIP2. The two subgroups also seem to have different functions (Chaumont et al. 2000) . PIP2s markedly increase the water permeability (P f ) of Xenopus laevis oocytes in a heterologous expression system. In contrast, most PIP1s showed low or no water transport activity in oocytes.
Although most PIP1 subgroup members show low or no water transport activity, such low activity can be enhanced by a slight modification of structure through exchange of a single residue (Suga and Maeshima 2004) . Exchange of Ile-244 of radish RsPIP1;3 (conserved residues in RsPIP1 subgroup) with valine (conserved in RsPIP2 subgroup) markedly increased water channel activity in the yeast expression system. In contrast, exchange of Val-235, which corresponds to the position of Ile-244, with isoleucine, caused inactivation of PIP2;2 that has high water channel activity. Another key mechanism of structural and functional changes has been proposed as formation of hetero-tetramers of PIP members. Co-expression of maize ZmPIP1;2 and other ZmPIPs increased the oocyte P f (Fetter et al. 2004) . Interactions between ZmPIP1s and ZmPIP2s were clearly demonstrated in living maize cells using a fluorescence resonance energy transfer (FRET) imaging system (Zelazny et al. 2007) .
Some PIP1s have the ability to transport molecules other than water molecules. Tobacco NtAQP1, a PIP1 member, was involved in CO 2 permeability of cells (Uehlein et al. 2003; Flexas et al. 2006) . Not only PIP1, but also PIP2-type HvPIP2;1 was demonstrated to have CO 2 transport activity (Hanba et al. 2004) . There is much argument for and against the presence of aquaporins in chloroplasts. This point is discussed in the next section.
Hydrogen peroxide (H 2 O 2 ) is an important signalling molecule in plant cells. Under environmental stresses, such as pathogen attack and cold stress (Lee et al. 2004) , H 2 O 2 is generated on the outer surface of the cell, enters the cells and then causes intracellular reaction. How does H 2 O 2 enter the cytoplasm? In addition to the simple diffusion of H 2 O 2 across the plasma membrane, a few PIPs may mediate H 2 O 2 transport. As well as mammalian aquaporins, PIP2;1, seven TIPs, six NIPs, and three SIPs of Arabidopsis were assayed for H 2 O 2 transport activity. Aquaporin-mediated H 2 O 2 diffusion has been monitored using human AQP8 and Arabidopsis TIP1;1 and TIP1;2 by a fluorescence assay using an intracellular ROSsensitive fluorescence (Bienert et al. 2007) . To date, the PIPs responsible for H 2 O 2 transport, if any, have not been identified.
CO 2 channel PIP and photosynthesis
The resistance to CO 2 diffusion from the atmosphere to chloroplasts strongly limits photosynthesis in leaves. The CO 2 conductance through stomata (stomatal CO 2 conductance, g s ) and the CO 2 conductance from the intercellular space to the chloroplast stroma (internal or mesophyll CO 2 conductance, g i ) are two components of CO 2 diffusion during photosynthesis. The ratio of g i to g s was 1.4 in Mediterranean grass or tree species (Loreto et al. 1992) , <1.0 in fruit trees (Lloyd et al. 1992; Lauteri et al. 1997 ) and temperate trees (Hanba et al. 2002 (Hanba et al. , 2003 and in a native conifer in New Zealand (De Lucia et al. 2003) . The limitation of photosynthetic rate by g i was up to 22% in the tobacco plants at temperatures ranging from 10 to 40
• C (Bernacchi et al. 2002) and 35% in the maple (Acer rufinerve Sieb. et Zucc) trees (Y. T. Hanba and I. Terashima, unpubl. data) . In Arabidopsis, decrease in g i was the main factor in the decline of photosynthesis in young leaves (Flexas et al. 2007) .
The plasma membrane is an important factor determining g i because the mesophyll cells impose considerable resistance to CO 2 diffusion (Nobel 1999; Terashima et al. 2006) . However, the physiological and biochemical factors that limit CO 2 diffusion across the plasma membrane were unknown until PIP was considered a candidate for CO 2 channel. The permeability of CO 2 through PIP was first shown for human AQP1 (Cooper and Boron 1998; Nakhoul et al. 1998) . However, as Yang et al. (2000) showed negative results for AQP1-mediated CO 2 transport, the physiological role for CO 2 transportation of PIP in animals is rather controversial (Kaldenhoff and Fischer 2006a) . In contrast, some PIP members of higher plants play a significant role in CO 2 transport Fischer 2006a, 2006b ). Terashima and Ono (2002) detected significant decreases of g i and photosynthetic rate in leaf discs from Vicia faba L. and Phaseous vulgaris L. in the presence of HgCl 2 , indicating that mercury-sensitive PIP facilitates CO 2 diffusion in leaf mesophyll cells. However, care is needed in the application of HgCl 2 , because mercurial compounds have secondary effects on metabolism (Tyerman et al. 1999 ) and regulation of aquaporin activity (Baiges et al. 2002) . Aharon et al. (2003) observed a significant increase in photosynthetic rate of transgenic tobacco plants overexpressing Arabidopsis PIP1b, but did not determine the CO 2 diffusion rate. Uehlein et al. (2003) reported that the membrane permeability of CO 2 was increased by expressing the tobacco aquaporin NtAQP1, a member of PIP1 subgroup, in Xenopus oocytes.
The in vivo measurements of CO 2 diffusion in intact plants overexpressing sense or antisense PIP strongly indicate that PIP facilitates CO 2 transport. The g i value was estimated in transgenic rice or tobacco leaves by the carbon isotope and chlorophyll fluorescence methods (Hanba et al. 2004; Flexas et al. 2006) , which are commonly used for estimation of g i (Warren 2006) . Both studies showed a close relation between the relative amount of PIP and g i . The level of HvPIP2;1 from Hordeum vulgare (L.) (barley) increased by 135% and that of tobacco NtAQP1 by 120%, which resulted in a 40% and 25% increase of g i , respectively. The protein amount of HvPIP2;1 was decreased by 33% and that of NtAQP1 by 75% which resulted in a 15% and 28% decrease of g i , respectively. These results indicate the involvement of PIP in CO 2 diffusion in the leaves. The rapid response of g i to environmental stresses, such as drought, salinity, varying CO 2 concentration, heat and chilling, also suggests an involvement of PIP in the regulation of g i (Flexas et al. 2002 (Flexas et al. , 2004 Centritto et al. 2003; Yamori et al. 2006) . Enhancement of g i by increasing the HvPIP2;1 or NtAQP1 level is related to a 11-14% increase in photosynthetic rate, which is attributed to the 12-13% increase in the CO 2 partial pressure at the chloroplast site, C c (Hanba et al. 2004; Flexas et al. 2006) .
In addition to a change in g i , different PIP levels caused other physiological and anatomical alterations related to the photosynthetic capacity. The increases in the protein levels of PIPs were related to the increase in stomatal CO 2 conductance (g s ) by 23-30% in the transgenic rice or tobacco plants (Hanba et al. 2004; Flexas et al. 2006) . The strong relationship between g i and g s (Loreto et al. 1992; Lauteri et al. 1997; Hanba et al. 2003; Loreto et al. 2003) suggests the co-regulation of g i and g s , although the mechanism is unclear. The changes in CO 2 concentration in chloroplasts through PIP may be related to signal transduction that regulates stomatal guard cell movement (Uehlein et al. 2003) . Flexas et al. (2006) found marked changes in maximum carboxylation/electron transport capacities with the change in NtAQP1 level and proposed a hypothesis that the expression of several photosynthetic genes may be affected by the CO 2 concentration in chloroplasts. Hanba et al. (2004) found alterations in mesophyll anatomy in transgenic rice plants with a high level of HvPIP2;1. However, no change in the leaf morphological trait was detected in tobacco plants overexpressing NtAQP1 (Flexas et al. 2006) . This discrepancy may be due to the difference in plant species, foreign/native PIP, PIP subgroup, or sensitivity of acclimation responses between two experiments. The response of leaf tissue structure to changes in the PIP level is an important subject, because the morphological traits strongly affect CO 2 diffusion and thus photosynthetic capacity .
TIPs: characteristic vacuolar membrane aquaporins
Family members and protein abundance
Tonoplast intrinsic proteins (TIPs) found as a membrane intrinsic protein of the protein bodies (TP25) in seeds of P. vulgaris was the first aquaporin reported in plants (Johnson et al. 1989) (Fig. 3) . Protein bodies are a special form of plant vacuole. A major membrane intrinsic protein of 23 kDa (initially named VM23) was found in central vacuoles of R. sativus (Maeshima 1992) . The former protein-body-membrane (TP25) and the latter central-vacuolar-membrane (VM23) proteins are α-TIP (the present name, TIP3) and γ-TIP (TIP1), respectively. Then the third type of TIP (δ-TIP, TIP2) was found (Jiang et al. 2001; Kaldenhoff and Fischer 2006a) . Arabidopsis has 10 TIP members; three AtTIP1, three AtTIP2, two AtTIP3, one AtTIP4;1 and one AtTIP5;1.
Several isoforms of TIPs in Arabidopsis (AtTIP1;1 and AtTIP2;1), R. sativus (RsTIP1 and RsTIP3) (Higuchi et al. 1998) , N. tabacum (NtTIPa), P. vulgaris (PvTIP3;1), and Mesembryanthemum crystallinum (McTIP1;2) have been demonstrated to have water channel activity in Xenopus oocyte system or stopped flow spectrophotometry (for review, Kaldenhoff and Fischer 2006a) . TIP is the major component of the vacuolar membranes and is the most abundant aquaporin in organisms. For example, RsTIP1 accounts for ∼30% (w/w) of membrane protein of central vacuole in radish taproots (Higuchi et al. 1998; Maeshima 2001) . In immunocytochemical analysis of Mimosa pudica L., membranes of central vacuoles in the motor cells, which change in volume quickly, contains a large amount of TIP1 compared with tannin vacuoles in the motor cells or central vacuole in other types of cells (Fleurat-Lessard et al. 1997 ). These observations indicate that abundance of water channel TIPs may provide a quick equivalence of osmotic balance between the cytosol and vacuolar lumen to prevent plasmolysis under hypertonic conditions. In relation to this point, the osmotic water permeability of the plasma membrane has been reported to be high as is that of the tonoplast in radish taproots (Murai-Hatano and Kuwagata 2007) . At least in radish taproots, there are abundant PIPs that account for ∼10% of the plasma membrane protein (Ohshima et al. 2001) .
On the other hand, the protein level of TIP was very low in the vacuolar membranes in crassulacean acid metabolism (CAM) plants such as Graptopetalum paraguayense L. (Ohshima et al. 2001) . In Arabidopsis suspension-cultured cells, the protein levels of TIP1 and TIP2 were extremely low as was that of PIP2 compared with the Arabidopsis plants ( Kobae et al. 2006) . Suppression of TIPs may be related to reservation of water in central vacuoles in drought-tolerant plants or to low water-stress conditions in suspension cells.
The other role of water channel TIPs is enhancement of water transport across the cells with large central vacuoles, because central vacuoles occupy a large part of mature cells and disturb the transcellular water flow in tissues. Indeed, quantitative analysis by immunohistochemical approach revealed that TIPs and PIPs are accumulated in the bundles sheath as well as vascular parenchyma in Brassica napus L. (Frangne et al. 2001) . In these tissues, TIPs and PIPs may play a role in facilitating intercellular water fluxes. Accumulation of both TIP and PIPs was also demonstrated in the inner cortical cells of legume root nodules, which regulate the resistance to nodule O 2 diffusion by a rapid contraction/expansion mechanism (Fleurat-Lessard et al. 2005) . Lack or absence of TIP may be tightly related to water reservation under drought conditions in CAM plants.
The protein amount of TIP1s in roots, hypocotyls and cotyledons of radish seedlings was not changed markedly in response to exogenous phytohormones (gibberellic acid, abscisic acid, and brassinolide) and salt and osmotic stresses (Suga et al. , 2002 (Suga et al. , 2003 . It is similar to PIP1 but is in contrast to PIP2 of radish. The functional regulation of TIPs has not been reported yet. Thus, RsTIP1s probably function as constitutive aquaporins in the vacuolar membrane.
Newly found possible substrates for TIPs
In addition to the water channel function of TIPs, AtTIP2;1 and AtTIP2;3 of Arabidopsis (Loque et al. 2005) , and TaTIP2 of Triticum aestivum (L.) (Jahn et al. 2004 ) have been demonstrated to transport ammonia/ammonium ion by Xenopus oocyte assay and functional complementation experiments in a yeast mutant deficient in ammonium transport. In a legume plant Lotus corniculatus L. var. japonicus, TIP2 protein was detected by mass-spectrometry in purified peribacteroid membranes, which form the structural and functional interface between the plant and the rhizobia (Wienkoop and Saalbach 2003) . In legume plants, ammonium is a product of nitrogen fixation and is partly transferred to the plant cell cytosol. These observations suggest a common function of TIP2 members in NH 3 /NH 4 + transport across the vacuolar and peribacteroid membrane. Most aquaporins have two sets of common Asn-Pro-Ala (NPA) motif in each molecule. The pore sizes around the NPA motifs and an aromatic/arginine (ar/Arg) filter, which is the pore-size constriction part of all aquaporins, have been estimated to be wider than normal aquaporin such as mammalian aquaporin AQP1 by homology modelling (Jahn et al. 2004) . Therefore, TIP2 members in legume plants are thought to be responsible for the transport of NH 3 /NH 4 + from nitrogen-fixing bacteria to the cytosol of root nodule cells. In other plants and other organs except for root nodules of legume plants, the physiological role of TIP2 members is unclear. A possible role of ammonia transport through TIP2 members is detoxification of ammonia or ammonium ion from the cytosol into vacuoles. In radish, mRNA level of TIP2;1 was high in hypocotyls and very low in roots, and the level of TIP1;1 was high both in hypocotyls and roots (Suga et al. 2002) . If the TIP2 member is involved in ammonia transport in plants, TIP2 might transport NH 3 /NH 4 + from root tissue to vacuoles in aboveground tissues.
We should be careful when explaining the TIP2-mediated ammonium transport activity in the plant because the activity is controlled by a heterologous expression system. Recently, the fine structure of E. coli NH 3 /NH 4 + channel (or transporter) AmtB that has 11 transmembrane domains has been resolved at a resolution of 1.35Å and shown to exist as homo-trimer (Khademi et al. 2004) . Its orthologues exist in mammals and plants such as Arabidopsis AMT. Ammonium ion binds to the extracellular side of the pore of AmtB, is de-protonated, and then recognised by a line of three histidine residues in the hydrophobic region of the pore. There is no similarity in primary sequences between TIP2 and ammonium transporters including Arabidopsis AMT. The tertiary structures of NH 3 /NH 4 + channel and TIP2 proteins need to be examined in more detail.
A new substrate for TIP1 members has been reported (Bienert et al. 2007) . Sixteen aquaporins of Arabidopsis (TIP, NIP, and SIP) were examined in the yeast expression system by using a H 2 O 2 fluorescent probe. Among them TIP1;1 and TIP1;2 have been demonstrated to have a potential H 2 O 2 channel activity in addition to water channel activity. Physiologically, TIP1;1 has been estimated to lower the level of H 2 O 2 in cells surrounding developing vascular tissue, in which high levels of ROS including H 2 O 2 have been detected (Bienert et al. 2007) . If AtTIP1 functions mainly as a H 2 O 2 channel, Arabidopsis plant with a low content of AtTIP1 may be sensitive to physiological stresses, such as the presence of light and heavy metals, which induce the generation of H 2 O 2 and other ROS. Ma et al. (2004) reported that knock-down Arabidopsis plants of AtTIP1;1 showed early senescence and death. This observation partly supports the H 2 O 2 channel activity of AtTIP1;1, although there is an argument concerning the phenotype of the RNAi plant of AtTIP1;1.
SIPs in the ER membrane
The small basic intrinsic proteins (SIPs) subfamily has only three members in Arabidopsis (AtSIP1;1, 1;2, and 2;1) and two members in rice (OsSIP1;1 and 2;1). The mean molecular size of SIPs, 25.9 kDa, is the smallest among four subfamilies in Arabidopsis (PIP, 30.6 kDa; TIP 26.2 kDa; and NIP, 30.7 kDa). SIP members have the following structural characteristics: (1) the first NPA motifs are NPT, NPC, and NPL in SIP1;1, SIP1;2, and SIP2;1, respectively. Variation of the NPA motif might be directly reflected in the substrate specificity as discussed previously (Ishibashi 2006) ; (2) the N-terminal tails are short even though the C-terminal tails are the same as those in PIPs and TIPs; (3) SIP members have a large number of basic residues such as lysine (Fig. 3) and their isoelectric points are higher than the other subfamilies (Johanson et al. 2001) ; (4) members have a short loop C (length, 14-19 residues) between TM3 and TM4 compared with PIPs and TIPs (22-26 residues). Short loop C might affect the tertiary structure of SIPs and this suggests a unique structure of SIPs. The other structural characteristics of SIPs have been excellently described by Johanson et al. (2001) .
The water channel activity of SIP members was determined by a stopped-flow light scattering assay of membrane vesicles prepared from yeast cells expressing AtSIP. SIP1;1 and SIP1;2, but not SIP2;1, gave water-channel activity . The most phylogenetically related members in mammalian aquaporins are AQP11 and AQP12, whose first NPA motifs are modified to NPC and NPT, respectively (Ishibashi 2006) . Recently mouse AQP11 has been clearly demonstrated to have normal water channel activity with a stopped-flow spectrophotometer using proteoliposomes reconstituted with purified recombinant AQP11 (Yakata et al. 2007 ). Thus, functionality and structures of SIP1;1 and SIP1;2, but not SIP2;1, are relatively similar to mammalian AQP11. The amino acid sequence identity of SIP2;1 to SIP1;1 or SIP1; is only 26%. SIP2;1 might stimulate the membrane transport of other molecule or ion instead of water.
All SIP members have been demonstrated to be localised on the ER membrane by expression of green-fluorescent-protein (GFP)-SIP fusion proteins (Fig. 2) . The ER localisation of AtSIPs has been confirmed by biochemical subcellular fractionation and immunoblotting with antibodies specific to SIP1;1 and SIP2;1. Like SIPs, AQP11 has been reported to be localised on the ER membrane (Morishita et al. 2005; Ishibashi 2006 ). Recently Hanton et al. (2005) reported that diacidic motifs on the cytoplasmic side, such as Glu-His-Asp and Asp-Leu-Glu, function as an export signal of transmembrane proteins from ER in plant cells. The PIP members have a few diacidic motifs such as Asp-Val-Glu in their N-terminal regions, but none of the SIP members has a diacidic motif at the N-or C-terminus. These structural characteristics also theoretically support the ER localisation of SIP members.
The ER membrane has the widest surface area in plant cells and diversity in morphology and functionality. We have to answer the question why plants possess water channels in the ER membrane. If SIPs facilitate diffusion of other small molecules through the membrane, the actual substrate for SIPs should be determined. Other functions such as membrane adhesion demonstrated for mammalian AQP0 (Gonen et al. 2005 ) also remain to be examined.
Mutant analysis of knockout and knockdown of SIP genes provides much information on the physiological meaning Plasma-membrane intrinsic proteins (PIPs) are localised on the plasma membrane, tonoplast intrinsic proteins (TIPs) on the vacuolar membrane and the membrane of protein body, small basic intrinsic proteins (SIPs) on the ER membrane, and nodulin 26-like intrinsic proteins (NIPs) on the plasma and ER membranes. In addition to water molecule, several small molecules are reported as transport substrates for these aquaporins as followings. PIPs: carbon dioxide and urea; TIPs: urea, ammonia, glycerol, and hydrogen peroxide; and NIPs: ammonia, urea, glycerol, boron, silicon, lactate, and arsenite. The activity as a substrate has been confirmed for most of these, and a few are still candidates. See the text for details.
in planta. T-DNA insertion mutants of SIP1;1 and SIP2;1 are now available. In preliminary experiments, the mutant lines did not show any phenotypic changes in growth or morphology or sensitivity to physiological and physical stresses (data not shown). Wallace et al. (2006) summarised the structure and functions of nodulin 26-like intrinsic proteins (NIPs). Nodulin 26 was the first identified NIP, which was specifically localised on the peribacteroid (symbiosome) membrane and was supposed to function as a transporter of water and ammonium (Niemietz and Tyerman 2000) . This ammonium transport activity is physiologically reasonable to explain the function of NIPs in leguminous plants. In addition to water and ammonium, glycerol and formamide was recognised as transport substrates for nodulin 26 (Wallace et al. 2006) . Other NIPs also have potential to transport various and unique substrates. Glycerol transport activity was detected in many NIPs, such as Arabidopsis NIP1;1 and NIP1;2 (Weig and Jakob 2000) and pea (Pisum sativa L.) PsNIP1;1 (Schuurmans et al. 2003) . Klebl et al. (2003) demonstrated the urea transport activity of zucchini (Cucurbita pepo L.) CpNIP1. Ludewig et al. (2006) analysed the conductance of various substrates using molecular dynamics on computers. Ma et al. (2006) established OsNIP2;1, which does not correspond to AtNIP2;1, as a rice silicon transporter (Lsi1). OsNIP2;1 is the first transporter identified as a rice silicon transporter which plant scientists have been searching for. For a long time, many researchers have been looking for silicon transporters because silicon is one of the semi-essential nutrients and is mainly accumulated in the cell wall space for construction of a healthy rice plant body. At a physiological pH (<9), silicon exists as neutral form Si(OH) 4 which seems to be recognised by NIP. OsNIP2;1 gene is expressed in exodermis and endodermis cells of roots and OsNIP2;1 protein was specifically localised on the distal side of plasma membranes of both exodermis and endodermis cells, where Casparian strips exist (Ma et al. 2006) . From the cell specificity and subcellular localisation OsNIP2;1 is thought to be involved in silicon uptake in roots. It is suggested that silicon uptake-type transporter OsNIP2;1 cooperates with efflux and xylem-loading type silicon transporter (not a MIP gene family member) in silicon absorption/translocation in rice plants .
NIPs
Recently, NIP has been highlighted because AtNIP5;1 was found to play a key role in boron transport in Arabidopsis plants (Takano et al. 2006) . A neutral form of boric acid, B(OH) 3 , is estimated as an actual substrate for AtNIP5;1. AtNIP6;1 is also estimated to be involved in boron transport (T. Fujiwara, pers. comm.). Increase in boron uptake was observed in NIP5;1-expressing Xenopus oocytes. Boron-deficiency induced AtNIP5;1 expression and two T-DNA insertion mutant lines of AtNIP5;1 showed low uptake of boron. In Arabidopsis plants, AtNIP5;1 collaborates with BOR1, which is a efflux type borontransporter homologous to animal bicarbonate transporter, for uptake and xylem-loading of boron. Further analysis of the protein structures is needed to identify the fine structure-based mechanisms of selectivity and transport of boric acid in NIP5;1 and BOR1.
NIPs are localised on various membranes, and nodulin 26 on the peribacteroid membrane as mentioned above. OsNIP2;1 (Lsi1) was detected in the plasma-membrane of only the distal side of both root exodermis and endodermis cells (Ma et al. 2006) . Plasma membrane localisation of AtNIP5;1 has also been demonstrated (Takano et al. 2006) . On the other hand, AtNIP2;1 was reported to be expressed in roots and localised on the ER membrane ). AtNIP2;1 has no water channel activity and is proposed as a channel for other small molecule(s). Cell specificity and subcellular localisation are closely related to the physiological function of NIP members. The protein levels of NIP members were low in plant tissues of Arabidopsis. Thus, it is hard to detect proteins of AtNIP members, except for AtNIP2;1, even by immunochemical methods. This may be due to cell-specific gene expression and protein accumulation. Expression and morphological observation of NIPs with a tag such as GFP is expected to provide more information on the subcellular localisation of these members.
Nine NIP genes have been identified in the Arabidopsis genome (Johanson et al. 2001 ) and nine NIP genes in the rice genome (Sakurai et al. 2005) . However, only four NIPs have been detected in maize (as cDNAs, Chaumont et al. 2001) and three NIPs in barley (as contigs constructed from ESTs; M. Katsuhara, unpubl. data) . This fact suggests that the expression of NIPs is low, rare, or highly tissue-specific, and it may be difficult to detect NIPs as cDNA or EST in general. Actually, a few NIPs are also hard to detect as transcripts in rice, although their genomic sequences are known. In other words, very unique and precious NIPs with special physiological roles remain to be investigated.
Functional regulation of water channel activity
Aquaporins regulate water permeability of plant membranes and affect the water-relations of plants. Gene expression and protein levels of aquaporins differ with the organ, tissue, and developmental stage of the plant, and environmental factors including physiological stresses Hachez et al. 2006b ). Water permeability of plant cells must be controlled by a quick regulation system to adapt to sudden environmental changes. In fact, a rapid change in water permeability (within 30 s) is seen in the plasma membrane of maize protoplast ). For such quick regulation, post-translational regulation of aquaporins has been suggested such as (1) phosphorylation, (2) methylation, (3) glycosylation, (4) oligomerisation, (5) vesicle trafficking, and (6) non-covalent protein modification by pH (protonation of histidine residues at low pH), Ca 2+ (binding to the N-terminal acidic residue) and high concentrations of osmotic solutes Vandeleur et al. 2005; Hachez et al. 2006b ).
Phosphorylation has been demonstrated for a serine residue of PIP1 in loop B (Temmei et al. 2005) , PIP2 in C terminus (Johansson et al. 1998; Santoni et al. 2003) , TIP3 in N-terminus (Johnson and Chrispeels 1992) , and NIP in C terminus (Weaver and Roberts 1992; Guenther et al. 2003) . Phosphorylation of serine residues in loop B of PIP2 was suggested from the experiments with a phosphopeptide-specific antibody (Aroca et al. 2005) .
These studies have clear demonstrated the biochemical meaning of serine phosphorylation. Treatment with protein kinase and phosphatase inhibitors or kinase activator to Xenopus oocytes expressing plant aquaporins strongly suggested that phosphorylation of aquaporins can modulate water transport activity (Maurel et al. 1995 (Maurel et al. , 1997 Johansson et al. 1998; Guenther et al. 2003; Temmei et al. 2005) . Changes in water transport activity of the aquaporins mutated at serine residues also support the hypothesis that phosphorylation of the serine residues is a key covalent modification for regulation of aquaporin activity (Maurel et al. 1995 (Maurel et al. , 1997 Johansson et al. 1998; Guenther et al. 2003; Suga and Maeshima 2004; Temmei et al. 2005) . Phosphorylation states of aquaporins are controlled at various developmental stages and in response to environmental factors, e.g. development and imbibition in bean (Johnson and Chrispeels 1992) , development of symbiotic nodule and osmotic stresses in soybean (Glycine max L.) (Guenther et al. 2003) , apoplastic water potential in spinach (Spinacia oleracea L.) (Johansson et al. 1996) , chilling stress and H 2 O 2 treatment in maize (Aroca et al. 2005) , and flower opening in tulip (Tulipa gesneriana L.) (Azad et al. 2004 , see next section). These reports suggest the importance of phosphorylational regulation of aquaporins in plant growth and adaptation to stresses. Ca 2+ -dependent protein kinase (CDPK) is considered to be involved in aquaporin phosphorylation (Johnson and Chrispeels 1992; Miao et al. 1992; Weaver and Roberts 1992; Johansson et al. 1996; Guenther et al. 2003; Azad et al. 2004) . In a heterologous expression system using Xenopus oocytes or mammalian cells, water transport activity or phosphorylation state of aquaporins modulated by inhibitors or activators of protein kinase A, protein kinase C, and protein kinase 1 of 2A (Maurel et al. 1995; Guenther et al. 2003; Temmei et al. 2005) . However, it is unclear whether similar types of the kinases and phosphatases are involved in aquaporin phosphorylation and dephosphorylation in plants. A recent biochemical study revealed that spinach has two protein kinases for two serine residues at positions of 115 and 274 of SoPIP2;1; one is Ca 2+ -dependent Ser-274 kinase and another is Mg 2+ -dependent, Ca 2+ -independent Ser-115 kinase (Sjövall-Larsen et al. 2006) .
Recently, a crystallographic study revealed the mechanism of gating by phosphorylation of serine residues of spinach SoPIP2;1. Törnroth-Horsefield et al. (2006) compared tertiary structures between phosphorylated and dephosphorylated states and proposed a fine gating mechanism of water channel pore. Under drought conditions, SoPIP2;1 closes the pore. In the dephosphorylated structure (closed conformation), loop D caps the channel from the cytoplasm and occludes the pore. In the phosphorylated structure (open conformation), loop D is displaced and this movement opens a hydrophobic gate blocking the channel entrance from the cytoplasm. Furthermore, their model explains the closing of PIP2 through the protonation of His-193 of SoPIP2 during flooding, which lowers the cytosol pH as discussed below. This gating model will be intensively examined for aquaporins in other organisms.
Plant aquaporins form tetramers as a functional unit in membranes (Daniels et al. 1999; Fotiadis et al. 2001; Kukulski et al. 2005; Törnroth-Horsefield et al. 2006) . Although the basic structure for all aquaporins is thought to be a homotetramer, some studies have suggested the presence of heterotetramers. Heteromers composed of two TIP isoforms were detected in cross-linking experiments (Harvengt et al. 2000) . Binding or interaction between PIP1 and PIP2 was suggested by immunoprecipitation analysis (Temmei et al. 2005) . Loop E of PIP has been suggested to be involved in the interaction for heteromer formation . Interestingly, Xenopus oocytes co-expressing PIP1 and PIP2 showed higher expression of PIP1 and higher water transport activity than those expressing only PIP1 or PIP2 (Fetter et al. 2004) . Zelazny et al. (2007) also showed direct evidence for the interaction between maize PIP1 and PIP2 in vivo by FRET analysis. These reports suggest that oligomerisation, especially hetero-oligomerisation affects trafficking, stability and water transport activity of plant aquaporins PIPs.
Water transport in collecting-duct principal cells of the human kidney is controlled by vesicle trafficking of AQP2 (Noda and Sasaki 2006) . Plant aquaporins also show similar phenomena of vesicle trafficking. PIP and TIP are found in small vesicles in the cytosol or within the lumen of vacuoles (Robinson et al. 1996; Chaumont et al. 2000; Saito et al. 2002) . Relocation of PIP and TIP from original membranes to small vesicles was enhanced by salt or osmotic stress and arrested by tunicamycin, N-glycosylation blocker (Vera-Estrella et al. 2004; Boursiac et al. 2005) . Phosphorylation is important for vesicle trafficking of human AQP2 (Noda and Sasaki 2006) . Methylation of PIP2 in C terminus (Santoni et al. 2006 ) and glycosylation of NIP (Miao et al. 1992) were also detected. These protein modifications may regulate vesicle trafficking of aquaporins in plant cells.
Calcium ions and the pH modulate plant aquaporin activity, i.e. Ca 2+ and lower pH have inhibitory effects on water permeability (Gerbeau et al. 2002; Tournaire-Roux et al. 2003; Sutka et al. 2005) . Point-mutation analysis showed that histidine residue in loop D of PIPs, which is located on the cytosol side, is closely related to pH sensitivity. The protonation of the histidine residue and other charged amino acids in loop D at low pH is considered to be important for pH-dependent gating (Tournaire-Roux et al. 2003; Törnroth-Horsefield et al. 2006) . Another mechanism for gating of aquaporins, cohesion/tension theory was proposed for the condition with high concentrations of osmotic solutes, i.e. water permeability decrease with increasing osmotic pressure and with increasing osmolyte size (Ye et al. 2004) .
The proposed mechanism of gating through phosphorylation of serine residues and protonation of cytosolic histidine residue (Törnroth-Horsefield et al. 2006) has advanced the studies on functional regulation of aquaporins in all organisms. Now we have entered the second stage of the study on fine-tuning of water flow in plant tissues and cells.
Physiology of water channel function in fruits and flowers
Fruit is one of the most water-rich organs and the flower is quite sensitive to water loss. Here, we focus on water channel functions in flowers and fruits. Fruits enlarge taking water up in fruit cells depending on a high osmotic pressure, generated by solute accumulation in the vacuoles (Shiratake and Martinoia 2007) . TIPs are the most abundant proteins in the vacuolar membrane of pear fruit (Shiratake et al. 1998) , and play an important role of facilitated water flow in fruit development. PIP and TIP genes were cloned from tomato (Solanum lycopersicum L.; Fray et al. 1994; Werner et al. 2001; Shiota et al. 2006) , grape (Vitis vinifera L.; Picaud et al. 2003) , apple (Malus domestica Borkh.; Hu et al. 2003) , pear (Pyrus communis L.; Shiratake et al. 2001b) , mume (Prunus mume Sieb., Mita et al. 2006) , and peach (Amygdalus persica Batsch.; Sugaya et al. 2001) and showed different expression patterns as shown by Shiota et al. (2006) . The protein levels of TIPs changed dramatically with pear fruit development (Shiratake et al. 1997) , while the protein levels of PIPs were constant (K. Shiratake, unpubl. data) . A similar tendency was observed in grape berry (Shiratake et al. 2001a ). This suggests that water transport in the vacuolar membrane is controlled by the amount of TIP. On the other hand, water transport in the plasma membrane is controlled by post-translational regulation of PIPs as described above. In fact, diurnal change in the phosphorylation state of serine residue of PIP2 was observed in pear fruit (K. Shiratake, unpubl. data). Chen et al. (2001) produced transgenic tomato plants of PIP1, which they called tomato ripening-associated protein (TRAMP). Although overexpression of TRAMP has little effect on acid and sugar balance in fruits, suppression of TRAMP increases organic acids and decreases sugars. Whether PIP1 directly affects acid and sugar levels or deterioration of water flow by PIP suppression changes organic acid and sugar levels is not clear.
During flower opening, petal cells take water up and cell volume increases. HgCl 2 inhibited flower-opening of the Japanese morning glory (Ipomoea nil L.; Fig. 3 ). This suggests the importance of aquaporins in flower opening, although whether the effect of mercury on flower-opening is specifically due to aquaporins remains to be confirmed. In lily (Lilium longiflorum Thumb.), PIP1 (AqpL1), which is expressed dominantly in the young petal, was identified and protoplasts from the transgenic tobacco expressing AqpL1 showed higher water permeability in comparison with protoplasts from wild type tobacco (Ding et al. 2004) . In tulip, genes for TgPIP1;1, TgPIP1;2, TgPIP2;1, and TgPIP2;2 were identified. Two TgPIP1s did not show water transport activity, but TgPIP2;2, which was ubiquitously expressed with significant transcript levels in all organs, showed significant water transport activity in the Xenopus oocyte system (Azad et al. 2007 ). This TgPIP2;2 activity, which may be regulated by phosphorylation, is considered to play a key role in flower opening. Phosphorylation and dephosphorylation of PIP was observed in temperaturedependent flower opening and closing of tulip petals (Azad et al. 2004) . At 20 • C, PIP is phosphorylated and water transport from stem to petals is facilitated, then the flower opens. At 5
• C, PIP is dephosphorylated and water influx decreases, then the flower closes. Phosphorylation of aquaporins might be critical for flower opening and closing. More direct evidence including a generation of transgenic plants with site-direct mutation at serine residue is needed to understand the functional regulation of PIPs in fruits and flowers.
Aquaporins in response to physiological stresses
Salinity, drought, and high and low temperature are stresses, which induce osmotic stress. Under such conditions, aquaporins play a key role for plant osmotic and ion homeostasis by absorption, transportation and compartmentation of water and low molecular weight compounds to perform plant adjustment to such environmental stresses Vandeleur et al. 2005) .
As described above, phosphorylation in certain serine residues opens the gate of some PIPs, and dephosphorylation closes the gate (Törnroth-Horsefield et al. 2006) . This aquaporin inactivation can temporally prevent water loss from cells under drought or strong salt stress (Kjellbom et al. 1999) . A few protein kinases and phosphatases involved in this process were characterised, and two kinases (Ca 2+ -and Mg 2+ -dependent ones) were isolated (Sjövall-Larsen et al. 2006) . This activation/inactivation via a phosphorylation/dephosphorylation mechanism can be effective in the short term (within a few hours) adjustment of cellular water balance.
During salt stress or osmotic stress, reduction of expression of aquaporin genes was widely observed (Katsuhara et al. 2002; Suga et al. 2002; Jang et al. 2004; Zhu et al. 2005) . Decrease in the amount of aquaporins and reduction of Lp must be essential to prevent cell death via continuous dehydration and to gain time for intracellular osmotic adjustment. If aquaporins were constantly overexpressed and the channel was not closed, such transgenic plants would show the phenotype of hypersensitivity to drought or salt stress (Aharon et al. 2003; Katsuhara et al. 2003b) . Down-regulation of aquaporin expression hardly occurred in such plants and water loss through aquaporins continued during the stress. In these transgenic plants, increase in the shoot/root ratio was observed under non-stress condition, suggesting that relatively small roots (with increased Lp) could take up sufficient water to sustain the shoot. A similar compensatory mechanism between root size and aquaporin expression was previously observed in Arabidopsis expressing antisense PIP1b (Kaldenhoff et al. 1998) . The enhanced PIP gene expression partially compensated the reduction of root hydraulic conductance in olive (Olea europaea L.; Lovisolo et al. 2007) as known in human and rat organs affected by several disorders, perturbing water cell-to-cell movements (Agre 2004) .
Suppression of aquaporin expression was observed under chilling stress in rice, and also under cold stress in cucumber (Cucumis sativus L.). Such reduction should result in low water uptake and cause growth inhibition. Less suppression of aquaporin expression was observed in cold tolerant figleaf gourd (Cucurbita ficifolia Bouché) plant in comparison with cucumber ). Heavy metals, except mercury, suppressed expression of barley MIPs (Ligaba and Katsuhara 2007) . Nutrition deficiency in general decreases expression of Lp and MIP genes in roots (Clarkson et al. 2000) , but specific genes were induced under special conditions, such as Arabidopsis NIP5;1 under boron-deficiency (Takano et al. 2006) and Arabidopsis TIP2;1 under nitrogen-deficiency (Liu et al. 2003) . Gene expression is regulated by phytohormones (Suga et al. 2002) and far-red light (Sato-Nara et al. 2004 ). These observations suggests that adequate water homeostasis via aquaporins is required in most aspects of plant life under changing environmental conditions.
Further perspectives
The plant aquaporin family is the most attractive membrane channel family. Because it is a big protein family with more than 30 isoforms, aquaporins regulate a wide variety of putative substrates, and specific functions in various organelles. Recent studies revealed that plant aquaporins mediate the transport of water molecules and several small molecules including carbon dioxide, glycerol, ammonia, urea, and some metalloids such as boron and silicon. These small molecules are related to the physiological activity of plants. The substrate specificity of each isoform is tightly related to the tertiary structure, especially the fine structures around the NPA motifs and the constriction of pores. In addition to the computer homology modelling, future crystallography of 2D and 3D crystals of unique aquaporins might reveal the fine structure-function relationship. Several plant aquaporins have been demonstrated to be localised on the membranes of vacuoles, protein bodies, ER, and unidentified small vesicles. Thus, we need to identify their physiological roles with consideration of the intracellular localisation and substrate specificity of individual aquaporin isoforms. Furthermore, the temporal and special regulation of expression of aquaporin genes and the functional regulation of water channel activity in plants still remain to be resolved at the molecular level. This is a key process for understanding the plant-water relationship; namely, absorption, transpiration, intra-tissue circulation, and pool of water and also is related to chilling and freezing tolerance of crops, fruit quality such as sugar concentration, flower-opening period, and post-harvest quality of crops.
